Leaf shape is one of the key determinants of plant architecture. Leaf shape also affects the amount of sunlight captured and influences photosynthetic efficiency; thus, it is an important agronomic trait in crop plants. Understanding the molecular mechanisms governing leaf shape is a central issue of plant developmental biology and agrobiotechnology. Here, we characterized the narrow-leaf phenotype of FL90, a linkage tester line of rice (Oryza sativa). Light and scanning electron microscopic analyses of FL90 leaves revealed defects in the development of marginal regions and a reduction in the number of longitudinal veins. The narrow-leaf phenotype of FL90 shows a two-factor recessive inheritance and is caused by the loss of function of two WUSCHEL-related homeobox genes, NAL2 and NAL3 (NAL2/3), which are duplicate genes orthologous to maize NS1 and NS2 and to Arabidopsis PRS. The overexpression of NAL2/3 in transgenic rice plants results in wider leaves containing increased numbers of veins, suggesting that NAL2/3 expression regulates leaf width. Thus, NAL2/3 can be used to modulate leaf shape and improve agronomic yield in crop plants.
Introduction
In angiosperms, the foliage leaves usually have an expanded flat form that is suited to capture sunlight efficiently for photosynthesis, but they are otherwise highly variable in size and shape. Despite the extreme variability in final shape, leaf development in angiosperms consists of similar processes. The first is the recruitment of leaf founder cells in the peripheral zone of the shoot apical meristem (SAM). The recruitment of leaf founder cells is associated with down-regulation of KNOTTED1-like homeobox (KNOX) genes such as KN1 in maize, STM in Arabidopsis and OSH1 in rice, which are expressed in indeterminate cells in the SAM (Jackson et al. 1994 , Long et al. 1996 ). The local down-regulation of KNOX in the SAM might be regulated by the generation of auxin foci at the sites of future primordial anlagen followed by the basipetal polar transport of auxin (Scanlon 2003 , Heisler et al. 2005 , Hay et al. 2006 .
Defects in the recruitment of leaf founder cells greatly affect final leaf shape. In maize narrow sheath (ns) mutants, the absence of leaf lateral domains that include the leaf margins results in reduced leaf width (Scanlon and Freeling 1997) . This phenotype is caused by a defect in the recruitment of the leaf founder cells for the marginal domain. The ns phenotype is caused by recessive mutations at two unlinked loci, narrow sheath1 (ns1) and narrow sheath2 (ns2) . The ns1 and ns2 single mutations do not show a mutant phenotype, suggesting that ns1 and ns2 have redundant functions during maize leaf development. NS1 and NS2 (NS1/2) are orthologs of Arabidopsis PRESSED FLOWER (PRS), mutation of which results in loss of the marginal regions in the adaxial and abaxial sepals Okada 2001, Nardmann et al. 2004) . NS1/2 and PRS belong to the class of WUSCHEL-related homeobox (WOX) genes. NS1/2 and PRS function during recruitment of organ founder cells in lateral domains of the SAM (Nardmann et al. 2004) .
After recruitment, the leaf founder cells divide to form protrusions called leaf buttresses. By this stage in leaf development, the adaxial-abaxial axis has differentiated. A large number of genes are known to be involved in the formation of the adaxialabaxial axis. Genes encoding the class III homeodomain leucine zipper proteins (HD-ZIP III), such as REVOLUTA (REV), PHABULOSA (PHB) and PHAVOLUTA (PHV), are involved in specifying leaf adaxial identity (McConnell et al. 2001 , Otsuga et al. 2001 . Conversely, the KANADI (KAN) and YABBY family genes, which may operate as transcriptional activators, contribute to establishing abaxial identity (Golz and Hudson 1999 , Kerstetter et al. 2001 ). In addition, ETTIN (ETT), also called AUXIN RESPONSE FACTOR 3 (ARF3), and ARF4 mark the abaxial domain of leaves and act in conjunction with KAN (Pekker et al. 2005) .
HD-ZIPIII and ETT (ARF3)/ARF4 are targeted by the small RNAs miR165/166 and ta-siARF, respectively , Yoshikawa et al. 2005 . These two small RNAs also accumulate at the abaxial and adaxial side of leaf primordia, respectively, to restrict the expression of their target genes in an exclusive manner (Nagasaki et al. 2007 , Nogueira et al. 2007 , Toriba et al. 2010 . Thus, the establishment of the adaxial-abaxial axis of leaves is under multiple layers of regulation. Mutations in genes controlling adaxial-abaxial identity also affect final leaf shape. For example, abaxialized leaves, which are caused by the loss of function of adaxial factors or the gain-of-function of abaxial factors, generally result in rod-like or thread-like leaves (Waites and Hudson 1995 , Timmermans et al. 1998 , Itoh et al. 2008 .
Although the mechanism of centrolateral axis development (which results in a flat leaf shape) is not well understood, it is one of the central issues in plant developmental biology and agricultural sciences. Leaves are the major photosynthetic organs, and their size and shape greatly affect crop yield. Furthermore, variation in leaf shape is one of the most noticeable plant traits. For these reasons, numerous mutants or strains with altered leaf shape and size have been isolated from various plant species. In rice, narrow-leaf mutants have been extensively collected, and some have been used as visible markers to test linkage with genes of interest (see Oryzabase; http://www.shigen.nig.ac.jp/rice/oryzabaseV4/). Recently, some of the genes that are responsible for these narrow-leaf mutations have been cloned. For example, the narrow leaf1 (nal1) mutant exhibits reduced leaf blade width and a reduction in the number of longitudinal leaf veins (Qi et al. 2008) . NAL1 encodes a plant-specific conserved protein that functions in polar auxin transport (Qi et al. 2008) . The narrow leaf7 (nal7) mutant displays a significantly decreased width of the leaf blade (Fujino et al. 2008) . Compared with the wild type, the nal7 mutant also has smaller and more numerous bulliform cells. The wild-type NAL7 gene encodes a protein homologous to Arabidopsis YUCCA, which acts in auxin biosynthesis (Zhao et al. 2001 , Mashiguchi et al. 2011 . The narrow and rolled leaf1 (nrl1) mutant shows phenotypes of reduced leaf width and semi-rolled leaves, and has fewer longitudinal veins and smaller adaxial bulliform cells than the wild type. Wild-type NRL1 encodes the cellulose synthase-like protein D4 , Wu et al. 2010 . Several other nal mutations have also been mapped on the rice linkage map (see Oryzabase; http://www.shigen.nig.ac.jp/rice/oryzabaseV4/). Analysis of these mutations would help us to understand further the molecular mechanisms controlling leaf width in rice.
Here we report the results of our analysis of the nal mutations present in FL90, a linkage tester line of rice. The classical rice linkage map suggests that the narrow-leaf phenotype in FL90 is caused by two factors on chromosomes 11 and 12, designated as nal2 and nal3, respectively (Mori et al. 1973) . In FL90, we have identified mutations in the WUSCHEL-related homeobox (WOX) genes NAL2 and NAL3 (NAL2/3), also known as OsPRS and OsNS (Nagasaki et al. 2005 , Nardmann and Werr 2006 , Dai et al. 2007 , which reside on chromosome 11 and 12, respectively. The NAL2/3 genes are orthologous to maize NS1/2, which is consistent with the striking similarities between the narrow-leaf phenotype in FL90 and the maize narrow-sheath mutant and with the two-factor inheritance of these mutant phenotypes. We have demonstrated that reducing NAL2/3 function by the expression of an antisense NAL2/3 gene or a fusion gene containing a repression domain results in a narrow-leaf phenotype similar to that of FL90. Conversely, transgenic plants overexpressing NAL2/3 have wider leaves than wild-type plants. Thus, NAL2/3 plays an important role in controlling leaf width in rice.
Results

Leaves of FL90 fail to develop marginal domains
We analyzed the narrow-leaf phenotype of FL90 to understand the mechanisms controlling leaf development in the lateral direction. Fig. 1A -C shows the gross morphology of FL90 compared with that of the wild-type plants (japonica cultivar Nipponbare). One of the noticeable phenotypes of FL90 is its reduced leaf width (Fig. 1A-C) . The width of the mature leaves of FL90 is about 50% that of wild-type Nipponbare, and the width reduction is independent of leaf position (Fig. 1D) . Examination of the leaf cell structures of the FL90 and wild-type plants by scanning electron micrography (SEM) revealed that the saw tooth-like bristles found at the edges of wild-type leaves were absent from the leaves of FL90 (Fig. 1E, F) . To see whether the lack of bristles in FL90 was caused by deletion or malformation of the marginal cells, we examined the marginal regions of leaf primordia by SEM (Fig. 1G, H) . In wild-type plants, the SAM is completely surrounded by the P3 leaf primordium, whereas in FL90 there is a cavity at the bottom of the P3 leaf primordium. This suggests that the narrow-leaf phenotype of FL90 is caused by a defect in the marginal region of the developing leaf primordia. Because alterations in the shape of leaf primordia are often associated with abnormal function and morphology of the SAM, we examined the shape of the SAM by means of Nomarski optics (Fig. 1I, J) . There was no significant difference in the morphology or size of the SAM between FL90 and wild-type plants (Supplementary Table  S1 ). Although the establishment of leaf polarity involves SAM function, the defect in leaf development in FL90 is not attributable to the function of the SAM but rather to the establishment or development of leaf primordia. 
Abnormal vascular development of leaf blades in FL90
Rice mutants with narrow-leaf phenotypes often have abnormal arrangements of vascular bundles in the leaves (Fujino et al. 2008 , Qi et al. 2008 . To compare the vascular arrangement in FL90 and wild-type leaves, we made transverse sections of the fourth leaf blade ( Fig. 2A-D) . In wild-type plants, the leaf blade had four to five large vascular bundles, with two to four small vascular bundles between each pair of large bundles ( Fig. 2A) . In FL90, the number of vascular bundles was greatly reduced, and only a few small vascular bundles were observed at the edge of the leaf (Fig. 2C, Table 1 ). FL90 also had abnormal vascular patterning in which the differentiation of xylem and phloem was sometimes irregular; in particular, the development of metaxylem was suppressed in most vasculatures, including the midrib (Fig. 2C, D) . This immature vascular development of the midrib could cause the weakly drooping leaf phenotype of FL90 (Fig. 1B) . At the lateral edge of the leaf blade, there was, in most cases, a large vascular bundle in the wild type ( Fig. 2A, B) , whereas in FL90 there were immature small vascular bundles (Fig. 2D) .
To characterize the vascular phenotype in FL90 further, we examined the expression pattern of OsPNH1 in FL90 by in situ hybridization (Fig. 3A-D) . OsPNH1 in rice encodes an ortholog of Arabidopsis PINHEAD/ZWILLE (PNH/ZLL) (McConnell and Barton 1995 , Moussian et al. 1998 , Lynn et al. 1999 . OsPNH1 functions in SAM maintenance and in leaf formation through vascular development, and can be used as a molecular marker for vascular development (Nishimura et al. 2002) . In both wild-type and FL90 plants, OsPNH1 was similarly expressed in developing vascular tissue of young leaf primordia (P1 and P2). On the other hand, the number and distribution of signals of OsPNH1 in P3 and older leaf primordia became sparse in FL90 compared with the wild-type. In P3 and older primordia of wild-type plants, strong OsPNH1 expression was observed at the adaxial side of the leaf edge. However, in P3 and older primordia of FL90, the OsPNH1 signal at the leaf edge was missing, and the structure of the leaf edge became round. These results suggest that FL90 has defects in establishing the marginal region of the leaf blade and also in the development and arrangement of vascular bundles. Because auxin often affects vascular patterning, we examined the expression of several PIN genes in the seedling of the wild type and FL90 ( Fig. 3E-G ). It turned out that the expression of OsPIN2, OsPIN3a and OsPIN3b genes was significantly reduced. Considering that PIN proteins act as auxin efflux carriers, it is possible that the distribution of auxin is altered in FL90 and thus affects leaf development including vascular patterning.
FL90 carries mutations in WUSCHEL-related homeobox genes NAL2 and NAL3
The narrow-leaf phenotype of FL90 was previously shown to be under the control of two recessive factors, nal2 and nal3, which have been mapped to chromosomes 11 and 12, respectively (Mori et al. 1973) . To identify the genes responsible for the narrow-leaf phenotype in FL90, we took a candidate gene approach. In maize, the ns1 ns2 double mutant has a narrow-leaf phenotype that is extremely similar to that of FL90 in rice (Scanlon and Freeling 1997 , Scanlon 2000 . This suggested that the nal genes mutated in FL90 might be orthologous to NS1 and NS2, which are duplicate factors encoding WUSCHEL-related homeobox genes. These duplicated genes are the products of the ancient allotetraploidization of the maize genome. Our previous report and others identified OsPRS/OsNS as orthologs of the maize NS1/2 genes. (Nagasaki et al. 2005 , Nardmann and Werr 2006 , Dai et al. 2007 ). Therefore, we further analyzed NAL2 and NAL3 assuming that mutations in these genes were responsible for the nal2 and nal3 phenotypic mutations in FL90.
We first analyzed the genomic structures of NAL2 and NAL3 in FL90 and compared them with those in Nipponbare ( Fig. 4 ; Supplementary Fig. S1 ). Because of a recent segmental chromosomal duplication between rice chromosomes 11 and 12, the nucleotide sequences 2-3 Mb in length at the distal regions of the short arm of these chromosomes, where NAL2 and NAL3 reside, are extremely similar (Rice Chromosomes 11 and 12 Sequencing Consortia 2005, Jacquemin et al. 2009 ; Supplementary Fig. S2 ). Therefore, we simultaneously amplified the genomic regions containing NAL2 and NAL3 using the same PCR primers and distinguished them using single nucleotide polymorphisms (SNPs) detected by direct DNA sequencing of the PCR products. The top row of Supplementary Fig . S1A Relative expression levels of OsPIN2 (E), OsPIN3a (F) and OsPIN3b (G) in the seedlings of FL90 and the wild type. The significance of the difference of FL90 with regard to the wild type was assessed by a two-tailed Student's t-test. Asterisks denote the significance at the 1% level. n = 3. Statistically significantly different with regard to the wild type using Student's t-test (P < 0.01).
shows the positions of SNPs used to distinguish NAL2 and NAL3. In wild-type Nipponbare, a polymorphism at -2.0 kb (with respect to the start codon of the NAL coding sequences) was detected as a mixed signal of A and G residues; in FL90, only A residues were detected. These results indicate that the region around -2.0 kb of NAL3 was deleted in FL90. Similarly, the SNP at +1.2 kb present in Nipponbare (detected as a mix of T and C residues) was not detected in FL90; instead, only T residues were detected. We confirmed the same results using multiple pairs of PCR primers, which successfully amplify both copies in Nipponbare. These results suggest that the region from -2.0 kb to +1.2 kb of NAL3 in Nipponbare, which contains the entire NAL3 coding region, was deleted in FL90.
Next, we used PCR to determine whether there was a genomic lesion in the coding region of NAL2 in FL90 ( Supplementary Fig. S1B ). The analysis was simplified by the fact that the NAL3 coding region is absent from FL90, so any amplified product would represent NAL2. In FL90, the entire coding region of NAL2 could not be amplified in a single reaction, but parts of the coding regions could be amplified separately ( Supplementary Fig. S1B ), suggesting that there was a large insertion in NAL2 in FL90. In fact, the flanking DNA sequences of the presumed insertion recovered by thermal asymmetric interlaced-PCR (TAIL-PCR) revealed an insertion at nucleotide position 477. The sequences at both ends of the insertion were almost identical, but were inverted in orientation, and they had high sequence identity to a retroelement sequence in the Oryza repeat database (http://rice.plant biology.msu.edu/annotation_oryza.shtml; accession No.ORSiT ERTOOT00392). Thus, neither NAL2 nor NAL3 are functional in FL90, which is consistent with the previous report that the narrow-leaf phenotype in FL90 is conferred by the duplicate genetic factors nal2 and nal3 (Mori et al. 1973) .
It has been reported that, when FL90 was crossed with several inbreds, narrow-leaf plants segregated at a ratio of one narrow leaf to three wild type in the F 2 population (Mori et al. 1973) . We observed this same pattern of inheritance in the F 2 progeny of FL90ÂH59 (Table 2) , which suggests that one of the NAL genes is non-functional in H59. We then analyzed the NAL2 and NAL3 gene structures in H59 by examining SNPs, as for FL90 ( Fig. 4; Supplementary Fig. S1C ). In H59, NAL2 was normal but NAL3 was deleted. These results are consistent with the 1 : 3 segregation ratio seen in the F 2 progeny of FL90ÂH59. Taken together, the data strongly suggest that combination of mutations in NAL2 and NAL3 cause a narrow-leaf phenotype.
NAL2 and NAL3 are both expressed in wild-type rice
The two-factor inheritance of the narrow-leaf phenotype in FL90 suggests that both NAL2 and NAL3 are functional and control leaf width in rice. However, the transcripts of NAL2 and NAL3 in Nipponbare cannot be distinguished because the DNA sequences of the open reading frame (ORF) and untranslated region (UTR) of these genes are completely identical in this cultivar. To confirm that both copies of NAL2/3 are expressed in wild-type rice, we looked for polymorphisms in the coding regions of the NAL genes in another genetic background, indica cultivar Kasalath. First, we confirmed that there are two NAL genes in Kasalath by genomic Southern hybridization (Fig. 5A) . We also found an SNP in the NAL coding region that distinguishes NAL2 and NAL3 in Kasalath (Fig. 5B) . Using this SNP, we designed dCAPS (derived cleaved amplified polymorphic sequence) primers that distinguish the two NAL genes in Kasalath (Neff et al. 1998) , and checked whether both copies of NAL were expressed by using reverse transcription-PCR (RT-PCR) followed by dCAPS analysis (Fig. 5C ). When this procedure was used to analyze total RNA prepared from shoots of Kasalath, two DNA fragments (190 and 158 bp) were detected after the RT-PCR products were digested by SacII, indicating that both NAL2 and NAL3 were expressed (Fig. 5C ). This also supports the two-factor inheritance of the narrow-leaf phenotype, which requires mutations in both NAL2 and NAL3.
Knock-down of NAL2/3 function causes a narrow-leaf phenotype
We tried to perform a complementation test by introducing a NAL coding sequence from Nipponbare into FL90 to see The observed segregation was not significantly different from a 3 : 1 ratio at 0.2 > P > 0.1.
whether it would rescue the narrow-leaf phenotype. However, we were unable to obtain regenerated plants of FL90 even with an empty vector, suggesting that this genetic background is not regenerable using current methods. Therefore, we generated three types of constructs to knock down NAL functions in Nipponbare and observed the phenotypes of the transgenic plants (Fig. 6) . First, we expressed a dominant-negative NAL2/3 construct. We generated transgenic rice plants in which a truncated version of NAL cDNA encoding only the homeodomain (HD) region of NAL (NAL HD) was driven by the ACTIN1 (ACT1) promoter (Fig. 6A) . As expected, most of the transgenic plants showed a severe narrow-leaf phenotype, and RNA gel blot analyses confirmed that the transgenic plants with the narrow-leaf phenotype highly expressed the transgene (Fig. 6D, E) . Next, we generated transgenic plants that expressed NAL cDNA in an antisense orientation (Fig. 6B) . Transgenic plants expressing antisense NAL also showed a narrow-leaf phenotype (Fig. 6F-H) . We also made transgenic plants carrying NAL cDNA translationally fused to an SRDX repression domain driven by the NAL promoter, to express chimeric NAL:SRDX protein in regions of endogenous NAL expression (Fig. 6C) and thus knock-down NAL function (Hiratsu et al. 2003) . The transgenic plants carrying NALp:NAL:SRDX also showed a narrow-leaf phenotype similar to that of transgenic plants expressing NAL HD and antisense NAL (Fig. 6H ). These results demonstrate that reduced NAL expression results in a narrow-leaf phenotype.
We also observed the vascular arrangement and patterning of transgenic plants with reduced NAL functions. In the transgenic plants carrying ACT1pro:antisense NAL, the numbers of vascular bundles were decreased in comparison with wild-type plants ( Fig. 2A, E) . There was a small vascular bundle at the lateral edge of leaf blade in the transgenic plants as seen in FL90, although its cellular arrangement was more discrete than in FL90 (Fig. 2B, F) . In the transgenic plants carrying NALpro:NAL:SRDX, the phenotype was slightly more severe than in the antisense plants: there were very few small vascular bundles in the leaf blade (Fig. 2G, H) . At the lateral edges of the leaf blade, there were cells constituting immature vascular 5) , genomic DNA of Kasalath (lanes 2 and 6), cDNA synthesized from total RNA from shoots of Kasalath (lanes 3 and 7) and total RNA prepared from shoots of Kasalath (no reverse transcriptase reaction) (lanes 4 and 8). Non-SacII-digested PCR products were run in lanes 1-4. PCR products digested with SacII were run in lanes 5-8. The length of the restriction fragments is indicated on the left. gN, gK and rK denote Nipponbare genomic DNA, Kasalath genomic DNA and total RNA extracted from Kasalath shoots, respectively. bundles. In summary, the suppression of NAL expression led to immature or abnormal vascular development, as well as the narrow-leaf phenotype.
NAL2/3 mRNAs are localized at the edges of lateral organs
The expression patterns of NAL2/3 were examined by in situ hybridization (Fig. 7) . Because the nucleotide sequences of NAL2 and NAL3 are identical even in the UTRs, we detected the expression of the two genes simultaneously. At the vegetative stage, NAL2/3 was preferentially expressed entirely at the edges of leaf primordia P1-P4 (Fig. 7A-D) . Early in flower development, NAL2/3 mRNA was detected at the edges of leaf-like lateral organs formed from floral meristem, such as rudimentary glumes, empty glumes, lemma and palea ( Fig. 7E-H) . No expression of NAL2/3 was detected in stamens and pistils, which do not have marginal structures evident during their development. In Arabidopsis, PRS expression was observed at the edge of stamen primordium (Matumoto and Okada 2001). Thus, the mechanism of marginal structures in some of the lateral organs might differ between species, or there might exist redundant factors of NAL2/3 that function at the edge of stamen primordia.
Ectopic overexpression of NAL2/3 increases leaf width
To reveal further the functions of NAL in leaf development, we made transgenic plants overexpressing NAL2/3 (Fig. 8) . Transgenic plants carrying a NAL cDNA sequence driven by the ACT1 promoter were shorter and had wider leaf blades than wild-type plants (Fig. 8A, B) . RNA gel blot analyses confirmed that the transgenic plants with these phenotypes showed high expression levels of NAL2/3 (Fig. 8C) . Histological analyses revealed that in the central part of the leaf blade, transgenic plants overexpressing NAL2/3 had about 8-10 small vascular bundles between each pair of large veins, twice the number observed in wild-type plants (Fig. 8D, E) . Interestingly, in the marginal region of the leaf blade, the number of small vascular bundles between each pair of large bundles was almost the same in transgenic plants as in wild-type plants. In addition, the internal structures of the leaf blade, such as the patterning of small and large vascular bundles, were normal in the overexpressing plants. These results suggest that ectopic NAL2/3 expression mainly affected the central domain of the leaf blade, where it functioned to increase the number of small veins and widen the leaves.
Discussion
In this study, we showed that the two WUSCHEL-related homeobox genes NAL2 and NAL3 (also known as OsPRS or OsNS) are involved in both leaf margin development and vascular patterning, possibly through regulating auxin distribution mediated by PIN proteins (see later). NAL2 and NAL3 are orthologs of maize NS1 and NS2 (Nagasaki et al. 2005 , Nardmann and Werr 2006 , Dai et al. 2007 ) and reside on chromosomes 11 and 12, respectively. However, it is noteworthy that NAL2 and NAL3 do not locate on the syntenic region of NS1 and NS2 in maize. They are duplicated independently in rice. The nucleotide sequences of the coding regions of NAL2 and NAL3 are completely identical in the Nipponbare genome. The deduced amino acid sequence of the protein ecoded by NAL2/3 is nearly identical to those encoded by maize NS1 and NS2 over the entire amino acid sequence ( Supplementary Fig. S3 ). FL90, a linkage tester line of rice, shows a narrow-leaf phenotype associated with abnormal vascular patterning in leaves. We found that FL90 carries mutations in both NAL2 and NAL3. The knock-down of both NAL genes results in narrow-leaf plants with abnormal vascular patterning similar to FL90. The NAL genes were expressed at the margin of leaf primordia. Based on these observations, we conclude that NAL2/3 functions in the formation of the marginal domain of the leaf.
We also showed that NAL2/3 is involved in leaf vascular patterning. NAL2/3 expression is observed at the very edge of the leaf primordia, whereas the defects of vascular patterning are visible in the internal leaf domains of P3 and later primordia. This suggests that NAL functions in a non-cell-autonomous manner (Fig. 9) . The non-cell-autonomous action of NAL/NS/ PRS genes in the recruitment of lateral domains of lateral organs such as leaves or sepals is well documented in maize and Arabidopsis (Shimizu et al. 2009 ). Considering the similar expression patterns of NAL2/3 and NS1/2, and the mutant phenotypes conferred by these genes, it is plausible that non-cell-autonomous effects of NAL2/3 extend in a lateral direction. We also propose that non-cell-autonomous effects of NAL2/3 can extend in a basipetal direction (Fig. 9) .
It is noteworthy that neither the PRS1 protein in Arabidopsis nor the NS1/2 proteins in maize can move between cells (Shimizu et al. 2009 ). Thus, the non-cell-autonomous effect of these genes must depend on a secondary signal emanating from the region of their expression. The identity of this signal is currently unknown, but we speculate that auxin might be involved in this signaling, at least in part. The polar cell to cell transport of auxin plays a crucial role in vascular tissue differentiation and vascular patterning (for a review, see Fukuda 2004) . It is possible that NAL affects vascular patterning through the action of auxin. Indeed, the expression of auxin-related genes is down-regulated in the ns double mutant in maize (Zhang et al. 2007 ). In addition, nal1 and nal7 mutants in rice show narrow-leaf phenotypes with a decreased number of longitudinal veins, similar to FL90 and NAL knock-down plants (Fujino et al. 2008 , Qi et al. 2008 ). NAL7 encodes YUCCA, which plays a role in auxin biosynthesis, and NAL1 encodes a protein with unknown function but implicated to be involved in auxin transport. We showed that, in FL90, the expression of several PIN genes was significantly reduced (Fig. 3E-G) , suggesting the altered distribution of auxin in leaves in FL90. It is an interesting scenario that NAL genes directly or indirectly define the position of PIN expression at the leaf margin and the resultant auxin flow affects vascular development. Thus, it is plausible that, through the action of auxin, NAL2/3 expression simultaneously regulates both the vascular patterning and the lateral width of leaf primordia. In Arabidopsis, the expression of PRS and its close homolog WOX1 demarcates the middle domain of leaf primordia as a center that organizes the lateral outgrowth and marginal development of leaves (Nakata et al. 2012) . The leaf margin phenotype observed in the nal2 nal3 double mutant in rice or NAL2/3 knock-down transgenic rice resembles that of the prs wox1 double mutant (Nakata et al. 2012) . Considering that expression of both NAL2/3 and PRS is localized at the edge of developing leaf primordia, their functions at the leaf margin are likely to overlap.
In addition, the involvement of NAL2/3 in lateral outgrowth of leaves seems to be conserved across species: mutations in WOX1 orthologs in Medicago truncatula STENOFOLIA (STF) and Nicotiana sylvestris LAM1 show bladeless phenotypes with abnormal vascular patterning, similar to nal2 nal3 in rice (Tadege et al. 2011) . However, it is noteworthy that, although genes in the WOX1 family share high sequence similarity with NAL/NS/PRS, it is specific to dicots, and no WOX1 ortholog has been found in rice or other grass species (Nardmann et al. 2007 , Tadege et al. 2011 . Furthermore, the expression of both WOX1 in Arabidopsis and STF in M. truncatula is observed in the middle domain of leaf primordia (Tadege et al. 2011 , The presumed non-cell-autonomous action of NAL2/3 in the basipetal direction (blue arrow) would regulate vascular patterning. Nakata et al. 2012) , where NAL2/3 is not expressed. Based on these observations, we hypothesized that, in rice and other grass species, the function performed by WOX1 in dicots might be replaced by NAL/NS/PRS. Indeed, in Arabidopsis, PRS and WOX1 act redundantly to control lateral outgrowth of leaves (Nakata et al. 2012) . In addition, the differences in timing and placement of the lateral outgrowth of leaf primordia between grass species and dicots might explain the replacement of WOX1 function in dicots by NAL/NS/PRS in monocots.
In grass species such as rice or maize, immediately after the emergence of a leaf primordium, cells in the horseshoe-shaped region at the flank of the SAM are incorporated into the leaf primordium and proliferate to form a hood-like structure that encircles the SAM Szymkowiak 1995, Itoh et al. 2005) . Thus, in rice or maize, the lateral growth of a leaf primordium occurs just after its emergence and at the flank of the SAM, but in Arabidopsis it becomes prominent at P3-P4 of leaf primordia development (Nakata et al. 2012) . This might allow the non-cell-autonomous function of NAL or related genes to reach the region that corresponds to the middle domain of the leaf, the region where WOX1 functions in Arabidopsis.
NAL2 and NAL3 reside in the distal region of the short arms of chromosome 11 and 12, where a segmental duplication of a 2-3 Mb region has been observed (Rice Chromosomes 11 and 12 Sequencing Consortia 2005, Jacquemin et al. 2009 ). The high level of sequence identity between the regions surrounding the NAL genes also suggests a recent gene conversion event (Jacquemin et al. 2011) . Thus, the duplicated NAL genes in rice are clearly paralogs. It is surprising that, in both rice and maize, narrow-leaf and narrow-sheath mutations show multifactor inheritance. NS1 and NS2 are products of ancient allopolyploidization in maize, and the ns mutant phenotype requires loss of function of both genes. In the case of rice, we confirmed that the narrow-leaf phenotype in FL90 also shows two-factor inheritance, which is in accordance with the previous report by Mori et al (1973) . We demonstrated that both copies of NAL are expressed and that overexpression of NAL in transgenic plants results in a wide-leaf phenotype, suggesting the possibility that the gene dosages of NAL and NS control leaf width in rice and maize, respectively. A challenge for the future is to test the fascinating idea that leaf width in cereals such as maize and rice is controlled by the copy number or expression level of NAL and NS genes. If so, this suggests that duplications of these genes is under strong selection pressure as a mechanism that maintains or increases crop yield through expansion of leaf width. In addition, it might be possible to control vascular arrangement by manipulating the expression of NAL genes or their orthologs as a step to engineer C4 properties in C3 cereals.
Materials and Methods
Plant materials and growth conditions FL90 and wild-type inbreds were grown in a paddy field or in pots in a greenhouse under standard growth conditions.
Scanning electron microscopy
Tissues were fixed in FAA (formaldehyde : glacial acetic acid : 70% ethanol = 1 : 1 : 18), dehydrated in a graded ethanol series (up to 100% ethanol) and placed in 100% acetone. Samples were critical-point-dried, sputter-coated with platinum and observed with a scanning electron microscope (model S-3000N, Hitachi) at an accelerating voltage of 15 kV.
Microscopic analysis
For light microscopy, leaf blades were fixed in FAA solution (5% formaldehyde, 5% glacial acetic acid and 63% ethanol) and dehydrated in a graded ethanol series. The samples were then embedded in Paraplast Plus (McCormick Scientific) and sectioned with a microtome into 8 mm thick sections. Sections were stained with 1% toluidine blue and observed under a light microscope (BX60, Olympus). For the observations of the SAM, shoot apices were fixed in FAA and dehydrated in a graded ethanol series. The final ethanol solution (100%) was then replaced with methylsalicylate. The cleared samples were observed under a light microscope (BX60, Olympus) with Nomarski optics. The numbers of the vasculatures were measured by making the hand sections of the mid regions of the fourth leaves from FL90 and the wild type and counting under a stereoscope (SZX7, Olympus).
Quantitative RT-PCR
Relative expression levels were quantified using the StepOnePlus Real-Time PCR system (Applied Biosystems) and the One Step SYBR PrimeScript RT-PCR Kit II (TAKARA). The quantitative RT-PCRs contained 5 ml of 2Â One Step SYBR RT-PCR Buffer 4, 0.5 ml of dimethylsulfoxide (DMSO), 0.4 ml of PrimeScript 1 step Enzyme Mix 2, 0.2 ml of 50Â ROX reference dye, 50 ng of total RNA and 400 nM of each primer, and were run in triplicate. The mixtures were first reverse-transcribed at 42 C for 5 min, then amplified via PCR using a two-step cycling program (95 C for 5 s, 60 C for 20 s) for 40 cycles. Quantitative RT-PCR specificity was checked for each run with a dissociation curve, at temperatures ranging from 95 to 60 C. Data from quantitative RT-PCR were analyzed using the standard curve method. The housekeeping gene Ubiquitin was used to normalize the quantitative RT-PCR output. Primers used for quantitative RT-PCR are listed in Supplementary Table S2 .
SNP detection and determination of insertion sites
Genomic DNA was isolated from seedlings of Nipponbare and FL90. Genomic DNA fragments containing each SNP site were amplified by PCR using the primers listed in Supplementary  Table S2 . The amplified DNA fragments were separated by electrophoresis in agarose gel, extracted, purified and sequenced.
To analyze the structure of NAL2, DNA fragments were amplified by the combinations of PCR primers listed in Supplementary Table S2 using genomic DNA extracted from Nipponbare and FL90, respectively. Amplified DNA fragments were detected by agarose gel electrophoresis.
To determine the insertion site, DNA fragments were amplified by the nested TAIL-PCR method using the primers listed in Supplementary Table S2 and genomic DNA extracted from FL90, and the amplified fragments were sequenced.
DNA gel blot analysis and derived cleaved amplified polymorphic sequence (dCAPS) analysis Genomic DNA was isolated from seedlings of Nipponbare and Kasalath, and detected by DNA gel blot analysis as described previously . Radiolabeled probes were generated by the random priming method using full-length NAL cDNA as the template.
To detect a one-base substitution by dCAPS analysis, a mismatch primer that generates a SacII site specifically in NAL was constructed. PCR fragments were amplified using the primers listed in Supplementary Table S2 . The templates were genomic DNA of Nipponbare, genomic DNA of Kasalath and cDNA prepared from total RNA from shoots of Kasalath by RT-PCR. The amplified PCR products were digested with SacII and separated on a 2% agarose gel.
Production of transgenic rice plants
A partial NAL cDNA including only the HD domain was amplified by PCR with primers containing XbaI or SmaI sites as linkers (Supplementary Table S2 ). To produce constructs containing sense and antisense orientations of NAL cDNA, the full-length cDNA fragments were amplified by PCR with primers containing XbaI or SmaI sites as linkers, respectively (Supplementary Table S2 ). The amplified PCR fragments were inserted into the binary vector pActnos downstream of the ACT1 promoter, between the XbaI and SmaI sites (Kamiya et al. 2003) . For the SRDX fusion, the full-length cDNA fragments were amplified by PCR with primers containing SmaI sites as linkers (Supplementary Table S2 ). The amplified PCR fragment was inserted into pActSRDXG between the ACT1 promoter and the SRDX coding region (Mitsuda et al. 2006) . For each construct, after the orientation of the insert had been confirmed, the transgene cassette was transferred to the binary vector pBCKH by the Gateway LR clonase reaction (Invitrogen). All the PCR-amplified fragments used were sequence confirmed. Expression vectors and control vectors that lacked the cDNA fragments were introduced into callus of Nipponbare via Agrobacterium-mediated genetic transformation (Hiei et al. 1994) . Transgenic plants that regenerated from the callus were grown in Murashige and Skoog medium aseptically for 1 month, and then observed and sampled.
RNA isolation and gel blot analysis
Total RNA was extracted from leaf blades of wild-type and transgenic plants using TRIzol reagent according to the manufacturer's instructions. The RNA (10 mg) was used for Northern hybridizations.
In situ hybridization
In situ hybridizations were conducted as described by Kouchi and Hata (1993) . For the NAL probe, a part of the NAL cDNA that includes the 3 0 -UTR of NAL but not the homeodomain was amplified by PCR and cloned into pCR2.1 (Invitrogen) (Supplementary Table S2 ). The OsPNH1 probe was prepared as described previously (Nishimura et al. 2002) .
Supplementary data
Supplementary data are available at PCP online.
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